The effect of alloying element X (X = Al, Sn, Zr, Ta) on the transformation strains and phase stabilities of Ti-12.5 at%Nb and Ti-25 at%Nb alloys was investigated. The principle strain, © 2 , was calculated as a function of the X concentration. The value of © 2 of Ti-12.5 at%Nb-6.25 at%Zr was larger than that of Ti-12.5 at%Nb-6.25 at%Ta. This is consistent with the experimental results. The difference of solution energy, ÁH ¡ 00 À¢ sol , was also calculated. The value of ÁH ¡ 00 À¢ sol increased with the addition of Al, Sn, Zr, and Ta to Ti-12.5 at% Nb-6.25 at%X alloys. We found a good linear correlation between the experimental values for the decrease of the martensitic transformation start temperature (Ms), dMs/ dc, and the calculated values of ÁH ¡ 00 À¢
Introduction
Ti-Ni shape-memory alloys have been widely applied as biomedical materials due to their superior shape-memory properties and superelasticity at room temperature. However, the toxicity and hypersensitivity of Ni have been pointed out. Recently, Ni-free shape memory alloys such as ¢-type Ti alloys, which also exhibit superelasticity at room temperature, have attracted attention. 119) However, the recovery strain of ¢-type binary Ti-Nb alloys is smaller than that of Ti-Ni alloys.
5) The transformation strain of binary Ti-Nb alloys increases with decreasing Nb concentration, and the martensitic transformation start temperature (M s ) increases with decreasing Nb concentration, exceeding room temperature. 5) In order to improve the shape-memory properties of Ti-Nb based alloys, the effect of third elements have been investigated experimentally. 1, 35, 816, 1821) For example, Kim et al. reported in a Ti-22Nb alloy that M s decreased by 30 K with a 1 at% increase of Ta content, and a maximum recovered strain of 2.7% was obtained at room temperature. 10) Kim et al. have studied that M s decreased by 38 K with a 1 at% increase of Zr content and the maximum total recovery strain was higher than 4.3% in Ti-22 at%Nb-(4-6) at%Zr alloys. 11) Takahashi et al. reported that M s decreased rapidly with increasing Sn content and that a 1% increase in Sn content reduced M s by approximately 150 K. 1) Over the past few decades, the quality of the firstprinciples calculations has improved, such that the calculated data can potentially be used for materials design.
2227) The phase stabilities and lattice constants of Ti-Nb binary alloys have been studied from the first-principles calculations.
2527)
Uesugi et al. calculated the solution energy and phase stability between ¢ and ¡ phases in Ti-Nb solid-solution alloys. 25) Sun et al. calculated the phase stability, electronic structure, and elastic constants of the ¢, ¡AA, and ½ metastable phases in the Ti-25 at%Nb alloy. 26) Lazer et al. investigated the structures and dynamic stability of the austenite and martensite phases of binary Ti 3 Nb alloys.
27)
The phase stabilities and lattice constants of ternary Ti-Nb-X alloys have not been studied from the first-principles calculations. The final objective in our study was to predict the best alloying elements for Ti-Nb-based shape-memory alloys. As the first step in the search, the effect of the addition of Al, Zr, Sn, and Ta on the transformation strains of Ti-Nbbased shape-memory alloys was evaluated. The objective of this paper is to investigate whether the principle strain, © 2 , and the difference of solution energy, ÁH ¡ 00 À¢ sol , can be used to evaluate the effect of the addition of Al, Zr, Sn, and Ta in Ti-Nb-based shape-memory alloys or not. These additional elements were chosen because experimental data of the transformation strain and Ms have been reported.
Computational Method
The first-principles calculations were calculated by the Cambridge Serial Total-Energy Package (CASTEP). 28) Exchange and correlation effects were treated within the density functional theory (DFT) 29, 30) using the generalized gradient approximation (GGA) proposed by Perdew et al. (PW91). 31) Ultra-soft pseudopotentials (USP) 32) were used for all the elements. A Gaussian smearing method 33) with an energy broadening of 0.1 eV was used throughout. Stable atomic configurations were obtained through relaxation based on the HellmannFeynman forces calculated from the first principles. The lattice constants at zero pressure were also optimized using a BroydenFletcherGoldfarbShanno (BFGS) 34) minimization algorithm with the stress calculations from the first principles. Each calculation was considered to be converged when the energy tolerance was 1 © 10 ¹5 eV·atom
¹1
, the maximum force tolerance was 0.3 eV·nm
, the maximum stress was 0.05 GPa, and the maximal displacement was 1 © 10 ¹4 nm. Models of ¢ and ¡AA phase Ti-Nb binary alloys (¡AA-Ti 6 Nb 2 , ¡AA-Ti 28 Nb 4 , ¢-Ti 6 Nb 2 , and ¢-Ti 14 Nb 2 ) used for the present calculation are shown in Fig. 1 The integration over a Brillouin zone (BZ) was done with the MonkhorstPack scheme.
35) The mesh of k-point convergence was checked, and we used the optimum values for the calculations. 8 © 10 © 9 was used for the k-point mesh in the ¡AA-Ti 6 Nb 2 and ¡AA-Ti 5 Nb 2 X 1 supercells. A k-point mesh of 8 © 5 © 5 was used for ¡AA-Ti 28 Nb 4 , ¡AA-Ti 26 Nb 4 X 2 , and ¡AA-Ti 24 Nb 4 X 4 supercells. 10 © 10 © 10 was used for the k-point mesh in the ¢-Ti 6 Nb 2 and ¢-Ti 5 Nb 2 X 1 supercells, and 9 © 9 © 9 was used for the k-point mesh in the ¢-Ti 14 Nb 2 , ¢-Ti 13 Nb 2 X 1 , and ¢-Ti 12 Nb 2 X 2 supercells. A cut-off energy convergence was also checked, and 350 eV was used for the plane-wave basis in all the calculations.
Results and Discussions

Ti-Nb binary alloys
Before the calculations for the Ti-Nb-X ternary alloys, we calculated the lattice constants and total energies for binary Ti-12.5 at%Nb and Ti-25 at%Nb alloys. The calculated lattice constants of the binary Ti-Nb alloys are shown in Table 1 The principle strains, © 1 , © 2 , and © 3 , are the strains needed to deform from the ¡AA to the ¢ phase, and they are parallel to the principal axes of [100] ¡AA , [010] ¡AA , and [001] ¡AA , respectively.
5) The principle strains are defined by
where a 0 is the lattice constant of the ¢ phase and aA, bA, and cA are the lattice constants of the ¡AA phase. The values of © 1 , © 2 , and © 3 are given in Table 1 .
A previous study indicated that the maximum transformation strain was © 2 , which was observed along the [011] ¢ direction. 5) Additionally, a texture of ©110ª ¢ type usually forms in Ti-Nb-X alloys. Inamura et al. observed that after solution treatment, a recrystallization texture of ©110ª ¢ {112} ¢ type formed in an Ti-24Nb-3Al alloy.
3) In a Ti-22Nb-6Ta The energy of formation, ¦H, is given by using the total energies as follows:
where E[Ti l Nb m X n ] represents the total energy of Ti l Nb m X n ,
, and E[X] are the total energies per atom in their ground states, and l, m, and n are the number of atoms considered in the supercells. The formation energies, ¦H, for Ti-Nb binary alloys were calculated and are given in Table 1 . The difference of formation energy, ¦H
¡AA¹¢
, is given by
where ¦H ¡AA and ¦H ¢ are the energies of formation of the ¡AA-and ¢-phase Ti-Nb-X alloys and the ¡AA and ¢ phase are the same composition. Increase of ¦H ¡AA¹¢ means that ¢ phase became more stable energetically.
Differences in the formation energies for Ti-Nb binary alloys were calculated and are given in Table 1 . The ¢ phase became more stable with increasing Nb concentration, and the stability of the ¢ phase increases with decreasing M s . The calculated result is consistent with the experiment results; M s decreases with increasing Nb content in binary Ti-Nb alloys.
5)
3.2 Ti-Nb-X alloys Table 2 shows the calculated energy of formation, lattice constants, principle strain, © 2 , and the difference of formation energy, ¦H ¡AA¹¢ , of the Ti-Nb-X alloys. In the case of the Ti-25 at%Nb-12.5 at%X alloys, the averages of the calculated © 2 and ¦H ¡AA¹¢ values of the ¡AA-Ti 5 Nb 2 X 1 -A and ¡AA-Ti 5 Nb 2 X 1 -B solid solutions are presented. Figure 3 and 4 show the © 2 values of the Ti-12.5 at%Nb-X and Ti-25 at%Nb-X alloys, respectively, as a function of alloy content. The calculated © 2 values of the Ti-12.5 at%Nb-X and Ti-25 at%Nb-X alloys also agree with the experimental fact that the transformation strains of the Ti-Nb-Zr alloys are larger than those of the TiNb-Ta alloys. 21) In the case of the Al addition, the effect of the alloying element on © 2 depends on Nb concentration. The value of © 2 increased with increasing Al concentration in Ti-12.5 at%Nb-X, whereas the value of © 2 decreased with increasing Al concentration in Ti-25 at%Nb-X. Inamura et al. reported the Nb content dependence of lattice constants for the ¢ and ¡AA phase Ti-Nb-Al ternary alloys.
8) The values of © 2 of Ti-Nb-Al ternary alloys are calculated and plotted in Fig. 2 . Figure 2 indicates that the extrapolated values of © 2 for the Ti-12.5 at%Nb-3 at%Al and Ti-25 at%Nb-3 at%Al ternary alloy are larger and smaller than those for the Ti-12.5 at%Nb and Ti-25 at%Nb binary alloy, respectively. In other words, the value of © 2 increased with Al addition in Ti-12.5 at%Nb-X, whereas the value of © 2 decreased with increasing Al addition in Ti-25 at%Nb-X in the experimental results as well as in our calculated results. Therefore, it is the feature of Al that the and Ti-Nb-3 at%Al.
8)
The vertical dashed line indicates the 12.5 at%Nb and 25 at%Nb. effect of the addition of Al on © 2 depends on Nb concentration. Figure 5 and 6 show the difference in the ¦H ¡AA¹¢ values of the Ti-12.5 at%Nb-X and Ti-25 at%Nb-X alloys as a function of alloy content. The value of ¦H ¡AA¹¢ increased with increasing Al, Sn, and Ta concentration in both Ti-12.5 at%Nb-X and Ti-25 at%Nb-X. The ¢ phase became more stable with increasing Al, Sn, and Ta concentration in the TiNb-X alloys. The calculated results agree with the experimental fact that M s decreases with increasing Al, 4, 8) Sn, 1) and Ta 10, 21) content in the Ti-Nb alloys. In the case of the Zr addition, the effects of the alloying elements on ¦H ¡AA¹¢ depend on Nb concentration. The value of ¦H ¡AA¹¢ increased with increasing Zr concentration in Ti-12.5 at%Nb-X, whereas the value of ¦H ¡AA¹¢ decreased with increasing Zr concentration in Ti-25 at%Nb-X. The calculation results of ¦H ¡AA¹¢ indicate that Zr is a ¢-phase stabilizer element in Ti-12.5 at%Nb-X alloys, whereas it is an ¡AA-phase stabilizer element in Ti-25 at%Nb-X alloys. The concentration dependences of Zr 11, 21) on the transformation strain and M s in Ti-Nb alloys have been studied experimentally. M s decreases with increasing Zr 11, 21) content in the Ti-Nb alloys. In the experimental works, the Nb concentration range has been investigated from 12 at% to 24 at% in Ti-Nb-X ternary alloys. 1, 3, 4, 812, 1720, 37) It is reported that M s decreases below room temperature when the Nb content is more than 25.5 at% in binary Ti-Nb alloys.
5) The Nb concentration of the Ti-25 at%Nb-X alloys seems to be too high to investigate the shape memory properties. Therefore, the calculated results of the Ti-12.5 at%Nb-X alloys are more reasonable than those of the Ti-25 at%Nb-X alloys in comparison to the experimental results. Thus, we calculated the difference in the solution energy in the Ti-12.5 at%Nb-6.25 at%X alloy and compared it to the experimental results, which is discussed later. The ¢-stabilizing strength of an alloying element can be estimated by using the difference of the solution energy. The solution energy is the change in energy produced when replacing a single solvent atom by a solute atom, and it is expressed in units of energy per solute atom. can predict the stability between the ¡AA and ¢ phases.
Finally, the change of principal strain, ¦© 2 , was calculated by
where © are the transformation strains of the Ti-12.5 at%Nb-6.25 at%X and Ti-12.5 at%Nb alloys, respectively. The relationship between the difference of solution energy and the change of principal strain, ¦© 2 , is displayed in Fig. 8 . Elements in the gray area are effective alloying elements for Ti-Nb-based shape-memory alloys: decreasing M s and increasing the transformation strain. The firstprinciples results indicate that Al and Zr are promising candidates for alloying elements to improve the transformation strain of Ti-Nb-based shape-memory alloys. The first-principles calculations of the principle strain and the difference of solution energy can evaluate the effect of additional elements on the shape-memory properties in TiNb-based alloys.
Recently, the effect of the addition of Al, 4, 8) Sn, 14) Ta 10, 13, 21) and Zr 11, 13, 21) on the transformation strains of TiNb alloys have been investigated experimentally. The authors tried to compare the calculated values and experimental values of © 2 in Ti-Nb-X ternary alloys as well as Ti-Nb binary alloys. However, this comparison was too difficult because of the lack of the calculation results. In order to compare with the experimental values, the first-principles calculations for the alloys with a concentration change of a fine width was needed. A detailed study for the alloys with a concentration change of a fine width is challenging since it requires calculations using even larger supercell sizes and is left for future work.
Conclusion
We investigated the influence of alloying element X (X = Al, Sn, Zr, Ta) on the transformation strain and phase stability of Ti-Nb-X alloys from the first-principles calculations. The results were as follows:
The value of © 2 increased with Al and Zr addition, whereas the value of © 2 decreased with Sn and Ta addition in Ti-12.5 at%Nb-6.25 at%X alloys. The calculated © 2 value of the Ti-12.5 at%Nb-6.25 at%Zr alloy is larger than that of the Ti-12.5 at%Nb-6.25 at%Ta alloy. These calculation results agreed with the experimental results.
The value of ¦H ¡AA¹¢ increased with Al, Sn, Ta, and Zr addition in Ti-12.5 at%Nb-6.25 at%X alloys. We found a good linear correlation between the calculated values of ÁH sol can predict the stability between the ¡AA and ¢ phase. The first-principles results indicate that Al and Zr are promising candidates for alloying elements to improve the transformation strain of Ti-Nb-based shape-memory alloys. The first-principles calculations of the principle strain and the difference of solution energy can be used to evaluate the effect of additional elements on the shape-memory properties in Ti-Nb-based alloys.
